Objective To assess the antifibrotic effects of pregnane X receptors (PXRs) in experimental dermal fibrosis. Methods The antifibrotic effects of PXR activation by 5-pregnen-3β-ol-20-one-16α-carbonitrile (PCN) were studied in the bleomycin model for prevention of dermal fibrosis and the modified bleomycin model for the treatment of established bleomycin-induced dermal fibrosis. Activation of canonical transforming growth factor (TGF)β signalling was analysed by immunofluorescence staining for phosphorylated smads. The antifibrotic effects of PXR activation were further studied in murine fibroblasts and murine T cells under Th2 conditions. In the T cell experiments, synthesis of the profibrotic cytokines, interleukin (IL)-4 and IL-13, was assessed by quantitative PCR, and IL-13 levels in the murine skin were determined by multiplex bead array technology.
INTRODUCTION
Fibrosis arises from excessive deposition of extracellular matrix components and results in scarring of various tissues. It is a hallmark of systemic sclerosis (SSc), which is a prototypical fibrotic disease affecting both the skin and many internal organs such as the lungs and gastrointestinal tract. [1] [2] [3] Fibroblasts are the key players in the development of fibrosis. They show pathological and persistent activation, with enhanced expression of contractile proteins and excessive release of extracellular matrix components. Skin biopsy specimens taken early in the disease course of SSc reveal perivascular mononuclear infiltrates, with T cells representing the major inflammatory cell type. T cells, which show a T H2 phenotype in fibrotic disease, can activate fibroblasts and drive fibrosis by releasing profibrotic mediators, including the Th2 cytokines, interleukin (IL)-4 and IL-13. [1] [2] [3] [4] [5] Pregnane-X-receptors (PXRs) belong to a superfamily of nuclear receptors that function as ligand-activated transcriptional regulators. PXRs are considered to be orphan nuclear receptors, as no endogenous ligand of PXRs has been identified to date. 6 In the non-activated state, PXRs are located in the cytoplasm. Upon ligand binding, they enter the nucleus to regulate target gene transcription. PXRs are expressed in a variety of tissues and cells, including hepatocytes, enterocytes, monocytes and T cells. The physiological effects of PXRs are pleiotropic. Their role as a master regulator of endobiotic (eg, bile acids) and xenobiotic (eg, drugs) metabolism is well established. 6 In addition, PXRs are involved in glucose and lipid regulation, since they inhibit hepatic gluconeogenesis by reducing β-oxidation and ketogenesis. 6 Finally, recent studies suggest a role for PXRs in inflammatory conditions, since deregulated PXR activity has been implicated in the pathogenesis of inflammatory bowel disease, liver cirrhosis and cancer. [7] [8] [9] [10] 
MATERIALS AND METHODS
Detailed information of the following methods are provided in the online supplementary data.
Prevention and treatment of bleomycin-induced skin fibrosis
Skin fibrosis was induced in DBA/2 mice ( Janvier, Le Genest Saint Isle, France) by subcutaneous injections of bleomycin. PCN 11 was dissolved in corn oil and applied intraperitoneally daily to a final dose of 25 mg/kg, as described previously.
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Immunofluorescence for p-smad2/3
Formalin-fixed, paraffin-embedded dermal sections from murine skin were stained with antibodies against p-smad2/3 (Acris Antibodies, Herford, Germany) and anti-Alexa Fluor 594-tagged secondary antibody (Invitrogen, Carlsbad, California, USA). 15 T cell stimulation assays CD4 T cells were isolated from the spleens of 6-week-old BALB/c mice using the Miltenyi mouse CD4 T cell Isolation Kit II (Miltenyi Biotec, Bergisch-Gladbach, Germany). CD4 T cells were incubated in anti-CD3 (10 mg/ ml)-coated 48-well plates with RPMI medium containing 10% fetal bovine serum, L-glutamine, 10 U/ml IL-2 and 10 mg/ml anti-CD28. For Th2 cell priming, CD4 T cells were treated with 62.5 ng/ml IL-4 and 10 mg/ml anti-interferon (IFN)γ for 5 days. To assess effects of PXRs on T cell activation, CD4 T cells were incubated with PCN at different doses. After 5 days, CD4 T cells were washed and resuspended in culture medium for another 2 days.
Quantification of cytokines in murine skin
Cytokine levels were measured in the skin of mice from the bleomycin experiments (six mice per group) by multiplex bead array technology (Bender MedSystems, Vienna, Austria) as described previously. 17 
Statistical analysis
All data are presented as median with IQR, and differences between the groups were tested by Mann-Whitney U nonparametric test.
RESULTS

PXR activation inhibits bleomycin-induced dermal fibrosis
To determine the antifibrotic potential of PXR activation, we first evaluated the effects of the PXR agonist PCN in the model of bleomycin-induced dermal fibrosis. In mice challenged with bleomycin, PCN effectively reduced dermal thickening by 85.9% (55.2-127.7%) ( p=0.002) (figure 1A, B). Hydroxyproline content and myofibroblast counts showed similar results to scoring of dermal thickness ( figure 1C, D) , suggesting that PXR activation can effectively prevent experimental dermal fibrosis.
PXR activation induces regression of established dermal fibrosis
In a modified bleomycin model, we next investigated if PXR activation could also induce regression of established fibrosis. Starting PCN treatment after fibrosis had been established, we observed that it reduced dermal thickening and myofibroblast counts to below baseline levels, as represented by mice challenged with bleomycin for 3 weeks followed by NaCl for 3 weeks (figure 2A-C). Thus, PXR activation was effective in both preventing development of dermal fibrosis and reversing established dermal fibrosis.
Inhibition of bleomycin-induced dermal fibrosis is mediated by decreased TGFβ signalling
As in human SSc, TGFβ is a core pathway for fibroblast activation in bleomycin-induced dermal fibrosis. We therefore evaluated the inhibitory effects of PXR activation on TGFβ signalling in the bleomycin model by determining nuclear levels of phosphorylated smad2 and smad3 ( p-smad2/3), central downstream mediators of activated TGFβ signalling. Activation of PXR by PCN effectively inhibited the bleomycin-induced increase in nuclear p-smad2/3 ( figure 3A) .
The antifibrotic effects of PXR activationare mediated by T cells
We wondered if PXR mediates its antifibrotic effects directly on fibroblasts. We observed that PXR is expressed in human skin and fibroblasts, but treatment of cultured dermal fibroblasts with PCN, even in high doses, did not reduce the basal or the TGFβ-induced col1a1 mRNA levels or collagen release (data not shown).
Th2 cells are an important source of profibrotic cytokines in SSc, including IL-4 and IL-13. Since IL-4 and IL-13 released by Th2 cells can potently induce TGFβ signalling, 1 2 we hypothesised that these cells may be the key to the antifibrotic effects of PXR. To test this hypothesis, we isolated murine CD4 T cells, induced a Th2 response, and treated cells with PCN. We found that PXR activation significantly reduced expression of the profibrotic Th2 cytokine, IL-13 ( figure 3B ). Under Th0 conditions, PCN did not induce significant changes in IL-13 expression ( figure 3C ). In contrast with IL-13, IL-4 expression did not change significantly under either Th0 or Th2 conditions (data not shown). Together, these data suggest that the antifibrotic effects of PXR activation on fibroblasts were indirectly mediated by inhibiting T cell activity and IL-13 release.
PXR activation reduces dermal IL-13 levels
To confirm these in vitro findings, we measured the levels of IL-13 in murine skin. We found a large decrease in IL-13 in the skin from bleomycin-challenged and PCN-treated mice compared with mice receiving bleomycin and sham treatment ( figure 3D ). IL-13 levels even declined below NaCl-challenged and shamtreated controls. Of note, we observed similar results for the Th2 cytokine IL-4 (see online supplementary figure S2), which may, on first glance, conflict with our in vitro findings that did not show significant effects on IL-4 synthesis in Th2 cells. The decrease in IL-4 levels on PCN treatment, however, may be due to additional effects of other inflammatory cell types in the complex in vivo model. Together, our results suggest that the antifibrotic activity of PXR activation in experimental dermal fibrosis mainly depends on the release of IL-13.
DISCUSSION
In fibrotic disease, T cells play an important role in initiating and propagating tissue fibrosis. 1 2 Perivascular inflammatory infiltrates, with T cells representing the major cell population, are characteristic features in lesional skin biopsy specimens from early stages of SSc. In fibrotic disease, the T cell response appears to be Th2-based. T cells polarised towards a Th2 phenotype secrete abundant IL-4 and IL-13, both of which are important profibrotic mediators. The profibrotic activities of IL-13 involve both direct fibroblast activation and indirect mechanisms due to stimulation of TGFβ. 4 5 18 Of note, levels of IL-13 are increased in patients with SSc. 19 Our data show that stimulation of PXR can block the release of IL-13 from activated T cells, which inhibits the development of dermal fibrosis in in vivo models.
The profibrotic effects of IL-13 are, at least in part, mediated via canonical TGFβ signalling, a core pathway of fibrosis.
1 2 IL-13 induces expression of TGFβ, 4 5 which in turn stimulates phosphorylation and nuclear accumulation of smad2 and smad3. Herein, we demonstrated that PXR stimulation blocks the activation of canonical TGFβ signalling. The inhibitory effects of PXR stimulation on canonical TGFβ signalling were indirect, since PXR activation did not show significant effects on TGFβ-induced collagen release from fibroblasts under various experimental conditions in vitro. In contrast, PXR activation effectively reduced the release of IL-13 from T cells in vitro and in bleomycin-challenged mice. In this context, a recent in vitro study provides further evidence that PXR activation inhibits T cell proliferation and activation. 20 Thus, activation of PXR inhibits canonical TGFβ signalling in fibroblasts indirectly by decreasing the release of IL-13 from Th2 cells. Further studies are needed, however, to further elucidate the molecular pathways linking PXR to Th2 inhibition and decreased TGFβ signalling in fibrosis. In summary, we demonstrate, for the first time, antifibrotic effects of the nuclear receptor PXR. Activation of PXR interferes with IL-13 release from Th2 cells, which leads to decreased TGFβ signalling and reduced fibroblast activation and collagen release. These findings suggest that activation of PXR might be a novel antifibrotic approach in particular for inflammatory stages of SSc and other fibrotic diseases. 
